During an ongoing systematic survey on species diversity of myxozoans parasitising allogynogenetic gibel carp Carassius auratus gibelio (Bloch) in China, plasmodia were detected in the fins, lip, jaw, gill chamber, gill arches, operculum and oral cavity of infected fish. Combining the morphological and molecular data, the present species was identified as Myxobolus turpisrotundus Zhang, Wang, Li et Gong, 2010. Histopathological examination revealed that despite infecting different organs, M. turpisrotundus always occurred in dermis, demonstrating its affinity to this tissue. Histopathological effect of M. turpisrotundus on the host is relatively mild except parasites in the gill arches producing compression of the adipose tissue and heavy adductor muscles deformation with lymphohistiocytic infiltrates. In addition, the plasmodia in different sites were with the same complex structure arrangement: cup-like cells with unknown derivation, a thin collagenous fibril layer, areolar connective tissue, basement membrane and host epithelial cell. Ultrastructural analysis showed that the parasite has monosporic pansporoblast and sporogenesis followed the usual pattern of most of the myxosporeans.
Myxosporea are a group of ubiquitous metazoan parasites that mainly parasitise fishes, with a few representatives infecting amphibians, reptiles, birds and mammals (Okamura et al. 2015) . All over the world, more than 2 400 myxosporean species have been reported (Bartošová-Sojková et al. 2014) , of which approximately 600 species have been reported from China (Chen and Ma 1998 , Zhang et al. 2013 , Eiras et al. 2014 . Although most of the species do not cause severe diseases, some species have been reported as pathogenic species resulting in mass mortalities or economic losses of cultured and wild fishes in China (Zhang et al. 2010 , Liu et al. 2012 , Yuan et al. 2015 , Zhai et al. 2016 .
Allogynogenetic gibel carp Carassius auratus gibelio (Bloch) is a triploid gynogenetic species which has been widely cultured in almost all aquaculture regions in China due to its significant growth advantage and large consumption rates (Zhou et al. 2001 , Food and Agriculture Organization of the United Nations 2014). It has been cultured for more than 30 years and its annual product has increased to more than 2.5 million tons in 2014 in China (Gui and Zhou 2010 , Wang et al. 2011 , Fishery Bureau in Ministry of Agricultural 2014 . With the development of aquaculture of allogynogenetic gibel carp, myxosporidiosis has emerged as a great threat, leading to mass mortalities and considerable economic losses (Xi et al. 2011 , Liu et al. 2012 , 2014a , Ye et al. 2014 , Yuan et al. 2015 ).
An ongoing systematic survey on species diversity of myxozoans parasitising freshwater fish in China revealed that around 40 myxosporean species have been found in allogynogenetic gibel carp and some of them cause severe harm to their fish hosts (Yuan et al. 2015) . For instance, Myxobolus honghuensis Liu, Whipps, Gu, Zeng et Huang, 2011 infects the pharynx and causes high mortalities (Liu et al. 2012) , Thelohanellus wuhanensis Xiao et Chen, 1993 produces numerous plasmodia in the skin of juvenile fish (Liu et al. 2014b) and Thelohanellus wangi Yuan, Xi, Wang, Xie et Zhang, 2015 forms cysts in the gill filaments which occupy or displace large respiratory area in fish gills (Yuan et al. 2015) .
Among the myxosporean pathogens of allogynogenetic gibel carp, Myxobolus turpisrotundus Zhang, Wang, Li et Gong, 2010 is a distinctive species because it infects multi-organs of host and possesses an unusual seasonal pattern with prevalence and abundance of infections maximising in winter (Liu et al. 2010 , Zhang et al. 2010 Nemeczek, 1911 are only of minor differences, which caused several misidentifications, especially when molecular taxonomy has not been widely used at that time (Chen and Ma 1998 , Wu and Wang 2000 . Later, Lu and Nie (2004) obtained the 18S rRNA gene sequence of M. turpisrotundus but followed the formerly reported identification instead of revision owing to the lack of comparative sequence data of M. rotundus from common bream Abramis brama (Linnaues). The ambiguity between M. turpisrotundus and M. rotundus has not been solved until molecular and morphological studies by Molnár et al. (2009 ), Liu et al. (2010 and Zhang et al. (2010) .
In order to investigate the host-parasite interaction in various infection sites and shed light on the processes of sporogenesis of M. turpisrotundus, its histopathology and ultrastructure were studied in the present paper.
MATERIALS AND METHODS

Fish sampling and morphological analysis
Fourteen allogynogenetic gibel carp with visible cysts were collected from Yezhi Lake in Wuhan (n = 10) and fish farms in Xianning (n = 4), China. Fish were transported to the Laboratory of Fish Diseases in College of Fisheries, Huazhong Agricultural University, Wuhan and held in aquaria, where they were euthanised with 0.2 mg/ml tricaine methanesulfonate (MS-222, Sigma-Aldrich Co., Ltd., St. Louis, MO, USA) prior to dissection.
Plasmodia containing myxospores morphologically consistent with those of the myxozoan genus Myxobolus Bütschli, 1882 were collected from host tissue, placed on a slide and observed using light microscope. Myxospores were imaged and measured from fresh preparations of plasmodia, using the Olympus BX53 microscope with Nomarski differential interference contrast equipped with an Olympus DP73 digital camera. Myxozoan identification was performed according to the guidelines of Lom and Arthur (1989) . Measurements were taken from 60 fresh spores.
DNA isolation, PCR amplification, cloning and sequencing
Genomic DNA was extracted from fresh or frozen plasmodia from different infection sites including fins, lip, jaw, gill chamber, gill arches, operculum and oral cavity of infected allogynogenetic gibel carp according to the instructions with the TIANamp Genomic DNA Kit (Tiangen Biotech, Beijing, China). PCR amplification was performed in 50 μl reaction volumes, which comprised 50-200 ng extracted genomic DNA, 0.8 μM each primer, 25 μl 2× Es Taq PCR Master Mix (CWBIO, Beijing, China). The 18S rRNA gene was amplified with universal eukaryotic primers 18e-18g (Hillis and Dixon 1991) . Initial denaturation was performed at 95 °C for 180 s, followed by 35 cycles of 94 °C for 50 s, 55 °C for 45 s, 72 °C for 60 s, then extended at 72 °C for 5 min. PCR products of expected size were purified with AxyPrepTM DNA Gel Extraction Kit (AxyGen Bio., Co., Ltd., Hangzhou), cloned into pMD-19T-vector (Takara, Dalian, China) and transformed into competent Escherichia coli strain Trans-5α (Trans, Beijing, China).
Transformants were selected by blue-white screening and the clones were confirmed by PCR using myxozoan specific primer pair MyxoF and MyxoR (Lu and Nie 2004) following the same thermal cycle protocol mentioned above. Both strands of the DNA from clones in plasmid were sequenced on ABI PRISM 3730 DNA analyser (Applied Biosystems Inc., Foster City, CA, USA). Contigs were assembled using DNA Star SeqMan II v 5. 05 (DNAS-TAR Inc., Madison, USA) and edited in BioEdit 7.2.5 (Hall 1999) with reference to sequence chromatograms to clarify any ambiguous bases. Contiguous sequences were then deposited in GenBank.
Histopathological examination and ultrastructural studies
Tissue samples from infected organs containing developing and mature plasmodia were fixed in Bouin's solution, embedded in paraffin wax, sectioned at 4 μm and stained with haematoxylin and eosin.
For transmission electron microscopy, the plasmodia were fixed in 3% glutaraldehyde in 0.2 M sodium cacodylate buffer (pH 7.2) at 4 °C overnight and post fixed in 2% OsO 4 buffered with the same solution for 4 h at the same temperature. After dehydration in an ascending ethanol series and propylene oxide, specimens were finally embedded in Epon812. Semithin sections were stained with toluidine blue. Ultrathin sections were double-stained with uranyl acetate and lead citrate, then examined and photographed by a HITACHI H-7650 transmission electron microscope at 75 kV.
RESULTS
Morphology
Plasmodia were detected in the fins, lip, jaw, gill chamber, gill arches, operculum and oral cavity of allogynogenetic gibel carp (Fig. 1) . They appeared whitish in colour, round or oval in shape, and measured 1.6-6.9 mm in diameter. Mature spores (Fig. 2 ) from the plasmodia were round to oval in frontal view and biconvex in lateral view, measuring 7.8-9.2 μm (8.6 ± 0.3 μm) in length, 7.6-9.0 μm (8.1 ± 0.3 μm) in width, 5.2-6.5 μm (5.9 ± 0.3 μm) in thickness. The polar capsules were pyriform and of equal size, measuring 4.0-5.1 μm (4.4 ± 0.2 μm) in length, 2.7-3.4 μm (3.1 ± 0.1 μm) in width, containing polar filaments with 5-6 turns arranged perpendicularly to the longitudinal axis of the polar capsules. Detailed morphological comparisons of the present myxozoans with previously reported morphologically resembling species are summarised in Table 1 .
Sequence analysis
The 18S rRNA gene sequence obtained from Myxobolus turpisrotundus was 2 035 bp in length. The consensus sequences were deposited in Genbank under accession numbers KU953388. BLAST search showed that the 18S rRNA gene sequence of isolates studied was identical to previously published sequences of M. turpisrotundus from allogynogenetic gibel carp.
Histopathological examination
In gill arch, the plasmodia located between the areolar connective tissue of gill raker and adductor muscles of gill arch. The plasmodia were encased by cup-like cells with unknown derivation and a thin collagenous fibril layer. Parasite development produced compression of the adipose tissue and heavy adductor muscles deformation with lymphohistiocytic infiltrates. However, the afferent branchial artery and efferent branchial arterioles of host are still in normal shape (Fig. 3 ). In fins, plasmodia developed in stratum compactum of dermis and are also being encased in capsules comprising cup-like cells and a thin collagenous fibril layer. Plasmodia development induced the compression of hypodermis connective tissue (Fig. 4) .
In the jaw, plasmodia occurred between the dermis and jaw bones, producing stretching of the epithelium (Fig. 5) . No inflammatory reaction was observed in the fins and jaw.
Ultrastructural studies
The earliest recognisable stages of sporogenesis was the uninucleated primary cell, which was bounded by a double electron-dense membrane separated by a layer of lower electron density. These cells are ovoid in shape and contain a large nucleus with a prominent nucleolus. The cytoplasm contained a few large, oval mitochondria A -plasmodia (encased by cup-like cells) developing in the gill arch with mature spores in the inner layer and young sporogonic stages in the periphery layer; B -details of the gill arch-plasmodia interface, note the complex structure of plasmodia (arrowheads -undifferentiated basal cells) and the stretching of the epidermis; C -the adductor muscles deformation with lymphohistiocytic infiltrates (arrows), the normally-shaped afferent and efferent branchial arterioles of the host; D -adipose tissue compression. Abbreviations: aa -afferent branchial artery; am -adductor muscles; at -adipose tissue compression; b -basement membrane; c -collagenous fibril layer; ct -areolar connective tissue; e -epithelial cell of gill raker; ea -efferent branchial arterioles; mg -mucous glands; ms -mature spores; Pm -plasmodia; u -cup-like cells; yss -young sporogonic stages. and rough endoplasmic reticulum (Fig. 6A) . The earliest pansporoblast stage observed in this study was represented by the enclosure of three generative cells by the envelope cell. The cytoplasm of the envelope cell contained a large nucleus and the generative cells were always surrounded by numerous mitochondria (Fig. 6B) . The enclosed generative cell subsequently divided and the progeny cells resulting from early sporogenesis finally differentiated into two capsulogenic cells and one binucleated sporoplasmic cell, surrounded by two valvogenic cells (Fig. 6C) . As the spore proceeded toward maturation, there was structural progress in capsulogenesis, sporoplasm and valvogenesis. Capsulogenic cells were characterised by distended cisternae of endoplasmic reticulum, elongated nucleus and the presence of polar capsules within the cytoplasm. The earliest recognisable capsulogenic cells were seen within differentiated cells (Fig. 6C ) and gradually occupied their final positions at the apical pole of the developing spore where they were ensheathed by valvogenic cells (Fig. 7A,B ). An early stage of capsulogenesis was the capsular primordium, which was observed as ovoidal structure in the cytoplasm of the capsulogenic cells (Fig. 6C) . Differentiation of the capsulogenic cells followed the usual pattern including the capsule primordium which differentiated into a clavate structure and the associated external tubule, which was closed at the distal end. The capsular primordia were usually attached at the end of a long external tubule which was later internalised into the primordium to make the coiled polar filament (Fig. 6D) . The disappearance of the external tubule was always in coincidence with the formation of the internal polar filament. In more advanced stages, the maturing polar capsule appeared as a trilaminar structure with an outer electron dense zone, an adjacent electron lucent zone, and a fine granular cortex (Fig. 7A) . The polar filament coiled five to six times and terminated with a polar stopper plugging in the discharge channel (Fig. 7C) . The asynchronous development of spores, where one of the polar capsules is in the late stage of polar filament formation while the other still has the shape of the primordium, was observed (Fig. 7B) . As the spore proceeded toward maturation, the capsulogenic cell and sporoplasm were enveloped by the valvogenic cells whose anterior ends were joined in a suture line where the discharge canal of the polar filament is located. The sutural ridge joining the valves were connected by desmosome-like junction (Fig. 7B) . As valvogenesis proceeds, highly electron-dense substances known as valve-forming materials appeared in the cytoplasm of the valvogenic cells (Figs. 6C, 7A ). Immature and mature spores had highly electron dense valves which were composed of an outer and an inner wall and were continuous except at the sutural zones where the valves ap- peared thickened and overlapped (Fig. 7B) . The valves of immature and mature spores appeared uneven edges with a number of folds (Fig. 7B,D) . As soon as the capsular primordium appeared, the sporoplasm could be easily recognised. The sporoplasm cells were binucleated with a prominent nucleolus where chromatin material sparsely scattered (Fig. 6C) . The two nuclei of sporoplasm were unequal and lied side by side (Fig. 7D) . Numerous lipid droplets and electron dense sporoplasmosomes with great diversity in size were observed within the cytoplasm of the sporoplasm cells (Fig. 7D) .
DISCUSSION
Here we collected a Myxobolus species infecting multiple organs of allogynogenetic gibel carp. The comparison of spore morphology and 18S rDNA sequence shows that the present species corresponded to M. turpisrotundus. In the present paper, data on its histopathology and ultrastructure are provided. Molnár (1994) pointed out that most species of Myxobolus are characterised by strict tissue specificity and their development is consistently restricted to a single cell type. In the present study, histopathological examination showed that despite infecting different organs, M. turpisrotundus always occurred in dermis, demonstrating its affinity to this tissue. This result supports those of former studies, which indicate that multi-organ parasitic species are not characterised by organ specificity and they may occur in different parts of the body; in other words, tissue specificity is more important (Molnár et al. 2009 ).
Histopathological examination
Even with high parasite load, M. turpisrotundus usually does not cause directly mortality and that infected fish can recover completely (Zhang et al. 2010 ). This phenomenon can be explained by the relatively mild histopathological effects of M. turpisrotundus on its host as observed in the present study. Of all the organs parasitised by M. turpisrotundus, the greater damage was in the gill arch, since parasite development produced compression of the adipose tissue and adductor muscles deformation with lymphohistiocytic infiltrates, but the afferent branchial artery, efferent branchial arterioles and gill filaments still maintain their normal-shape. In all infection sites, the plasmodia were with the same complex structure arrangement: cup-like cells with unknown derivation, a thin collagenous fibril layer, areolar connective tissue, basement membrane and host epithelial cell. This finding is in line with former reports (Adriano et al. 2005 , Zhang et al. 2010 . Manera (2016) indicated that fibroblast and collagen encapsulation of plasmodia may protect the parasite against external influences whereas Martyn et al. (2002) mentioned that the complexity is probably selectively permeable for nourishing the parasite. The derivation and function of cup-like cells observed here merited a further study to elucidate the host-parasite interaction mechanism.
Ultrastructural studies
Sporogenesis of M. turpisrotundus started with the formation of the pansporoblast following the pattern of other myxozoans (Al Quraishy et al. 2008 , Morsy et al. 2015 . Subsequent developmental events involves cell within the sporont arranging themselves into their final position and differentiating into two capsulogenic cells, two valvogenic cells and a binucleated sporoplasmic cell. In the present study, only one spore was formed within a pansporoblast (monosporic pansporoblast). The finding of this type of spore producing unit agrees with other ultrastructural studies on Myxosoma funduli Kudo, 1918 and Henneguya suprabranchiae Landsberg, 1987 (see Current et al. 1979 .
In addition, it should be noted that the sporogenesis of M. turpisrotundus observed in the present study differs from that studied by previous researchers that also tried to elucidate the ultrastructural aspects of the sporogenesis of M. turpisrotundus but misidentified the species as Myxobolus rotundus (see Wu and Wang 2000) . These authors suggested that the secondary cell of M. turpisrotundus was directly formed by cytokinesis inside the primary cell. They also reported the presence of 10-cell pansporoblast (disporic pansporoblast), which finally formed two 5-cell spore-producing units. Here, we provide the evidence that M. turpisrotundus forms one 5-cell spore-producing unit and formed one spore in each pansporoblast. The reason for this difference was probably misinterpretation of transmission electron micrographs in Wu and Wang (2000) studies due to their poor quality (i.e. miscount of the number of capsular primordium in fig. I :4; as seen in fig. I :4,5, the parasite has monosporic pansporoblast).
Capsulogenesis was apparently the first process to be completed during spore formation. Capsulogenic cells were characterised by distended cisternae of endoplasmic reticulum, several mitochondria, elongate nucleus and the presence of polar capsules within the cytoplasm. In the present study, polar capsules appeared as oval to ellipsoidal in shape and contained inverted polar filaments. Capsulogenesis of the present species followed the usual pattern observed in most myxozoans (Ali et al. 2003 , Abdel-Ghaffar et al. 2005 , Morsy et al. 2015 . The origin of polar capsules is the subject of long-term discussion. Several hypotheses of the origin of polar capsules including smooth endoplasmic reticulum or even Golgi apparatus (Lom 1969) , an unnamed spherical body (El-Matbouli et al. 1990 ) and rough endoplasmic reticulum (Pulsford and Matthews 1982 , Abdel-Ghaffar et al. 1995 , Wu and Wang 2000 , Ali et al. 2003 have been proposed. In the present study, Golgi apparatus was not observed in any stage of sporogenesis, whereas aggregation of rough endoplasmic reticulum was observed close to the polar capsules, which might support the hypothesis about the origin of polar capsules from rough endoplasmic reticulum of polar capsules. The development of the polar capsules was not always synchronous, a finding that corresponds to those of El-Matbouli et al. (1990) , El-Mansy and Bashtar (2002) , Wu and Wang (2003) , Morsy et al. (2015) , but contradicts the conclusions by Ali et al. (2003) , Zatti et al. (2015) .
Similar to many species of Myxobolus (see Ali et al. 2003 ), electron-dense bodies known as valve-forming materials started to aggregate in the cytoplasm of the valvogenic cells after the contact of two cells. The sutural ridge joining the valves was connected by desmosome-like junction, a typical metazoan cellular junctions, which were observed in other species of Henneguya Thélohan, 1892 and Myxobolus (see Azevedo and Matos 1989 , Morsy et al. 2015 .
The sporoplasm of the present species was binucleated as in many species of Myxobolus (see El-Matbouli et al. 1990 , Ali et al. 2003 , Zatti et al. 2015 . Many spherical electron-dense bodies known as sporoplasmosomes are scattered throughout the cytoplasm. These sporoplasmosomes exhibit a great diversity in size but nothing is known about their function.
